Recently, many biochemical and epidemiologic studies have revealed that polyphenols of various foods and herbs are beneficial to human health, and some extracts of polyphenolrich plants, such as green tea and grape seed, have been applied to functional foods or supplements. The potent biological activities of green tea polyphenols in, for example, cancer and cardiovascular disease prevention, 1) have in particular been attracting scientists in medicinal and pharmaceutical fields. Tea polyphenols were also shown to have antibacterial, 2-5) antiviral, 6) and antifungal activities 7) in addition to their inhibitory effects on exotoxins. 4, 8) In these studies, only a few types of cultures such as from the American Type Culture Collection (ATCC) were examined according to different protocols.
These differences were partly ascribable to the limited number of trial strains used in previous studies. Furthermore, in addition to tea polyphenols, other types of polyphenols, such as hydrolyzable and condensed tannins, are widely distributed in the plant kingdom and have the potential to be functional material. In the present study, we examined the antibacterial activities of 10 different plant polyphenols by comparing their minimum inhibitory concentrations (MICs) against a total of 96 strains of four groups of food-borne pathogenic bacteria including gram-positive and gram-negative species. Taking into consideration the future application of the results in the environmental and sanitation fields, we selected polyphenols that can be obtained in large amounts from plant material.
MATERIALS AND METHODS
Chemicals Epigallocatechin (EGC, 1) and epigallocatechin-3-O-gallate (EGCg, 2) were isolated from commercial green tea, 12) punicalagin (3) was isolated from the peel of Punica granatum, 13) tannic acid (4) was purchased from Kanto Chemical Co. (Tokyo, Japan), castalagin (5) was isolated from wood of Castanea crenata, 14) and prodelphinidin oligomers (6) were isolated from the bark of Elaeocarpus sylvestris var. ellipticus; an aqueous acetone extract of the dried bark was separated by Sephadex LH-20 column chromatography with H 2 O containing increasing proportions of MeOH and finally with H 2 O-acetone (1 : 1, v/v). Prodelphinidin oligomers were then eluted out with 80-100% MeOH and aqueous acetone. Thiol degradation of 6 with mercaptoethanol-HCl 15) showed that this prodelphinidin is composed of EGC and EGCg, and the molecular weight of the peracetate was estimated to be 2000 daltons (peak top molecular weight) by gel permeation chromatography with a TSK-gel G4000H6 column (TOSOH) using polystylene as a standard. Geraniin (7) was isolated from the leaves of E. sylvestris var. ellipticus, 16) and loquat procyanidins (8) were isolated from the seeds of Eriobotrya japonica; fresh seeds were extracted with 80% acetone-H 2 O, and the extract was separated on a Diaion HP-20 column using H 2 O containing increasing amounts of MeOH, which finally resulted in 8 (0.36%). Further separation of 8 on Sephadex LH-20 (EtOH) and MCI-gel CHP20P (H 2 O-MeOH) chromatography gave (Ϫ)-epicatechin (12.0%), procyanidin B-2 (4.0%), procyanidin B-5 (1.4%), procyanidin C-1 (2.5%), cinnamtannin A2 (2.0%), and a mixture of pentamers and larger oligomers (64%). Normal-phase HPLC analysis revealed the presence of a monomer/dodecamer in 8. 17) A theaflavin mixture (TFM, 9) was obtained upon MCI-gel CHP20P (aqueous MeOH) and Sephadex LH-20 (aqueous MeOH and aqueous acetone) column chromatography using the EtOAc-soluble part of an aqueous acetone extract of black tea. Loquat-treated green tea polyphenols (LGP, 10) were prepared by treatment of commercial green tea with unripe loquat fruit 18) ; powdered green tea was homogenized with the fruit and stirred for 3 h. The plant material was then washed with water and extracted with EtOH. Caffeine in the extract was removed by the method proposed by Ishimaru and Nonaka. 19) Reverse-phase HPLC analysis showed that 10 mainly contained 2, (Ϫ)-epicatechin 3-O-gallate, theaflavins, and polymeric oxidation products of green tea catechins. The structures of 1-9 are shown in Fig. 1 .
Bacterial Strains The bacterial strains are listed in Table 1 medium; therefore agar medium was used in this study. The frozen bacterial strains were thawed and transplanted into nutrient agar medium (Eiken Chemical Co.) and then cultivated at 36Ϯ1°C for 19Ϯ1 h. After repeating cultivation twice, the bacteria were suspended in 10 ml of Mueller Hinton Broth (MHB, BBL) and adjusted to McFaland number 0.5. The broth was diluted 100 times with MHB and used as the inocula within 1 h after adjustment. Colony forming units (CFUs) were evaluated using a serial 10-fold dilution method with standard agar medium (Eiken Chemicals Co.). For the genus Vibrio, NaCl was added to the medium at 2% w/v. Polyphenols (80 mg) were dissolved in 5 ml of distilled water. When solubility was low, the samples were initially dissolved in 0.5 ml of dimethyl sulfoxide and then the total volume was adjusted to 5.0 ml with distilled water. The solution was diluted serially in eight stages (32000, 16000, 8000, 4000, 2000, 1000, 500, and 250 mg/l suspensions, respectively). Two milliliters of each diluted solution was mixed with 18 ml of Mueller Hinton agar (MHA, BBL) at 60°C in a sterile Petri dish (90 mm in diameter) and then solidified. The final concentration of the polyphenols were 3200, 1600, 800, 400, 200, 100, 50, and 25 mg/l, respectively. When the activities against the genus Vibrio were tested, NaCl was added to the MHA at a concentration of 2% w/v. Each inoculum of bacteria was applied to the culture medium using a 1-ml disposable inoculation loop (Aktiengesellschaft & Co., Germany) in about 2-cm streaks. The CFU means of the inocula of S. aureus, Salmonella, E. coli, and Vibrio transferred were estimated to be 6.6ϫ10 3 , 4.1ϫ10 3 , 9.4ϫ10 3 , and 9.3ϫ10 2 , respectively. They were cultivated at 36Ϯ1°C for 19Ϯ1 h and then the minimum concentration of polyphenols required to inhibit bacterial growth was determined visually. When bacterial growth was inhibited to fewer than five colonies, it was determined that bacterial growth was inhibited.
RESULTS

Sensitivity of Bacterial Species to Polyphenols
Of the bacteria tested, the average MICs of S. aureus (192Ϯ91 mg/ml) and the genus Vibrio (162Ϯ165 mg/ml) showed the highest susceptibility to the polyphenols compared with the genus Salmonella (795Ϯ590 mg/ml) and E. coli (1519Ϯ 949 mg/ml) (pϽ0.01, Table 2 ). Irrespective of polyphenol type, all the observed MICs against S. aureus were less than 475 mg/ml (Table 3) . Although the genus Vibrio was susceptible to polyphenols, the coefficient variability value (CV, standard deviationϫ100/mean value) of the MICs of this group was the highest among the bacteria examined. The CV of S. aureus was less than half that of the genus Vibrio ( Table 2) .
No difference in susceptibility between the enterotoxinpositive and -negative strains of S. aureus was observed. Similarly, no noticeable differences among serotypes O4, O7, O8, and O9 of the genus Salmonella and among the nonpathogenic E. coli, EHEC, EIEC, and ETEC, were observed. In the genus Vibrio, V. vulnificus showed a slightly higher susceptibility compared with the other Vibrio species (Table 3) . Antibacterial Activities of Polyphenols The MICs of each polyphenol against the four groups of bacteria are listed in Table 3 . The values varied from 25 to 3200 mg/ml, and the lowest and highest mean MICs among the four groups were observed with 2 against the genus Vibrio (68Ϯ25 mg/ml) and 8 against E. coli (3000Ϯ335 mg/ml), respectively. Compounds 1, 2, and 5 showed relatively strong antibacterial activities and their MICs against all strains of bacteria were less than 1000 mg/ml. In contrast, the activities of 7 and 8 were relatively low, the MIC values larger than 1000 mg/ml were observed against nine and 12 strain groups, respectively. The remaining polyphenols, 3, 4, 6, 9, and 10, showed moderate activities. All polyphenols showed comparable activities against S. aureus and the genus Vibrio; however, the activities of 8 and 10 against the genus Vibrio were relatively lower than the others.
DISCUSSION
Sensitivity of Bacterial Species to Polyphenols
The average MIC values of all the polyphenols indicated that S. aureus (20 strains) and the genus Vibrio (27 strains) are more susceptible to polyphenols (192Ϯ91 and 162Ϯ165 mg/ml, respectively) than the genus Salmonella (26 strains) and E. coli (23 strains) (795Ϯ590 and 1519Ϯ949 mg/ml, respectively). Among the bacteria used in the present study, S. aureus is gram-positive and showed a higher sensitivity to polyphenols. This was consistent with the results of previous reports, which suggested higher susceptibility of food-borne pathogenic gram-positive bacteria to tea catechins compared with gram-negative bacteria.
3,4,9,10) Ikigai et al. 9, 10) proposed that this difference is caused by repulsion between catechins and the surfaces of gram-negative bacteria, which are coated with lipopolysaccharide. However, our results indicated that polyphenols show bactericidal activities against the genus Vibrio, which is also gram-negative. Comparison of the MICs of each polyphenol (Table 3) revealed that the sensitivity of the genus Vibrio (25-800 mg/ml) to polyphenols varied widely compared with that of S. aureus (50-475 mg/ml). This was supported by higher CV values of the MIC against the genus Vibrio compared with those of the other bacteria (Table 2) . Although tea catechins reportedly have selective bactericidal activity against pathogenic bacteria, 21) no significant difference was observed in the MICs against bacterial phenotypes. There were the significance in the t-test between * and ** (pϽ0.01).
Vol. 27, No. 12 Table 3 Structural Dependency All polyphenols showed similar antibacterial activities with regard to their average MICs against S. aureus (98-389 mg/ml) (Table 3) . However, activities against the other three bacterial groups appeared to depend on the structures of the polyphenols. Comparisons of the activities of 1 and 2 revealed that the effects of 2 against all bacterial groups was higher than those of 1, suggesting that the presence of a galloyl group (3,4,5-trihydroxybenzoyl group) increases antibacterial activity. Prodelphinidins (6) are oligomers of 1 and 2 and they showed relatively high antibacterial activities against all bacterial groups. The structure of loquat procyanidins (8) was related to 6, except for a lack of 3,4,5-trihydroxyphenyl groups, and this tannin showed lower antibacterial activities against the genus Salmonella, E. coli, and the genus Vibrio. This result also supports the importance of pyrogallol groups in antibacterial activity. The hydrolyzable tannins 3, 4, 5, and 7 also have 3,4,5-trihydroxybenzoyl structures in their molecules and showed moderate antibacterial activities, although the activities of 3, 4, and 7 against E. coli were low. Punicalagin (3) is an ester of a hexahydroxydiphenoyl (HHDP) and gallagyl group, and tannic acid (4) is a mixture of polygalloyl glucopyranose. Despite the difference in their structures, these two tannins showed similar moderate activities, except for that against E. coli. Geraniin (7) has an oxidized form of a HHDP group and showed low activities against the genus Salmonella and E. coli. Among the hydrolyzsable tannins, castalagin (5) showed the strongest activity against S. aureus, the genus Salmonella, and E. coli. This tannin is highly watersoluble and relatively rigid and spherical; it is isolated from the bark and wood of Castanea and Quercus species.
14)
The antibacterial activities of theaflavins, the major pigments of black tea, have been reported previously. 2, 8) In our study, a mixture of theaflavins (9) showed moderate activities against all groups of bacteria. LGP (10) is a caffeine-free extract of commercial green tea treated with polyphenol oxidase of unripe loquat fruit. This extract contains theaflavins, 2, and EGCg together with other oxidation products of tea catechins and also showed antibacterial activities; however, the activities were relatively lower than those of the other purified polyphenols.
In conclusion, this study demonstrated that various types of polyphenols including catechins and their oxidation products, proanthocyanidins, and hydrolyzable tannins, show antibacterial activities against four groups of food-borne bacteria. The sensitivity of bacteria to polyphenols depends on bacterial species and polyphenol structure. EGC (1), EGCg (2), castalagin (5), and prodelphinidin oligomers (6) showed relatively high antibacterial activities, suggesting the importance of 3,4,5-trihydroxyphenyl groups.
